topoietic cytokine receptors is localized to the intracellu-Washington University School of Medicine lar domain, the sequence divergence in this region pre-St. Louis, Missouri 63110-1093 dicts that unique signals specific to each receptor are generated. The most cited example of the specificity of hemato-Summary poietic cytokine signals is their ability to direct hematopoietic differentiation into a particular lineage (as pre-To investigate the specificity of cytokine signals in dicted by the instructive model). For example, when hematopoietic differentiation, we generated mice with cultured in the presence of G-CSF, the multipotential a targeted mutation of their G-CSF receptor (G-CSFR) hematopoietic cell line LGM-1 acquires many features such that the cytoplasmic (signaling) domain of the associated with terminally differentiated granulocytes G-CSFR is replaced with the cytoplasmic domain of (Yoshikawa et al., 1995). However, substantial data in the erythropoietin receptor. In homozygous mutant support of the stochastic model also exist. First, supmice, expression of this chimeric receptor had no appression of apoptosis by ectopic bcl-2 expression in parent affect on lineage commitment and was able certain cell lines results in hematopoietic differentiation to support the production of morphologically mature in the absence of added cytokines (Fairbairn et al., 1993; neutrophils. However, mutant neutrophils displayed Rodel and Link, 1996; Lagasse and Weissman, 1997). reduced chemotaxis, and G-CSF-stimulated mobiliza-Second, in many cases, enforced ectopic expression tion of neutrophils and hematopoietic progenitors of cytokine receptors in primary murine hematopoietic from the bone marrow to blood was markedly improgenitors allows for ligand-dependent differentiation paired. Thus, the G-CSFR is generating unique signals (McArthur et al., 1994; Socolovsky et al., 1997; Jacob et that are required for certain specialized hematopoietic al., 1998). For example, transduction of primary erythroid cell functions but are not required for granulocytic progenitor cells with a retrovirus encoding either for differentiation or lineage commitment. c-fms or for the nonhematopoietic prolactin receptor allows for the generation of erythroid colonies in re-* To whom correspondence should be addressed (e-mail: dlink@ im.wustl.edu).
More controversial is the role that hematopoietic 1996) have shown that the production of the relevant cytokines play in directing lineage commitment and terlineage-committed progenitors is largely preserved (alminal differentiation. Two general models for the role though reduced numbers of megakaryocyte progenitors of cytokines in hematopoietic differentiation have been are present in thrombopoietin receptor-deficient mice). proposed (reviewed in D'Andrea, 1994). In the instruc-The G-CSF receptor (G-CSFR) and erythropoietin retive model, cytokines transmit specific signals to multiceptor (EpoR) are members of the hematopoietic cytopotential hematopoietic cells directing their lineage kine receptor superfamily. The G-CSFR is expressed in commitment and differentiation. In the stochastic model, multipotential hematopoietic progenitors and in cells of lineage commitment and terminal differentiation are the myeloid lineage, and it is the major cytokine receptor intrinsically determined with cytokines providing only regulating granulopoieis (McKinstry et al., 1997) . The growth and survival signals. The final, and perhaps least EpoR is expressed primarily on erythroid progenitors well characterized, biological activity of hematopoietic and is required for the development of definitive erythrocytokines is their ability to modulate mature hematopoipoiesis (Wu et al., 1995) . Although the signal transducetic cell function. For example, both granulocyte colonytion pathways utilized by these receptors share many stimulating factor (G-CSF) and granulocyte-macrophage common features, certain signaling intermediates are colony-stimulating factor (GM-CSF) activate certain efpreferentially activated. For example, signal transducer fector functions in mature neutrophils. and activator of transcription-3 (STAT-3) is prominently All of the biological activities of hematopoietic cytoactivated by the G-CSFR but not EpoR (Tian et al., 1994 ; kines are mediated through interaction with specific cell Nicholson et al., 1995; Feger et al., 1997) . Despite these surface receptors. These receptors share extensive differences, both the G-CSFR and EpoR support the structural similarity in their extracellular domain, thus proliferation and survival of a wide range of hematopoietic cell lines. To investigate the specificity of hematopoietic cyto-we generated mice with a targeted ("knockin") mutation Cell surface expression of G:EpoR on hematopoietic cells from GE/GE mice was analyzed using a quantitative of their G-CSFR such that the exons encoding for the flow cytometric method to detect specific binding of cytoplasmic (signaling) domain of the G-CSFR are rebiotinylated G-CSF; this assay correlates well with radioplaced with the cytoplasmic domain of the EpoR. These isotopic binding assays for G-CSFR and can be applied mice are predicted to express, in a myeloid-specific to heterogeneous cell populations (Shinjo et al., 1995) . fashion, a chimeric receptor (G:EpoR) that is activated Specific G-CSF binding was detected on GE/GE neutroby G-CSF but transduces EpoR-specific signals. We phils ( Figure 1C ) but not lymphocytes (data not shown), show that, in homozygous mutant mice, G:EpoR expresindicating myeloid-specific expression. The level of sion does not redirect hematopoiesis into the erythroid G-CSF binding seen with GE/GE neutrophils was modestly lineage and is able to support the production of morreduced to approximately 80% of that seen with wildphologically mature neutrophils. Surprisingly, certain type (ϩ/ϩ) neutrophils but similar to that seen with het-G-CSF-stimulated biological activities were markedly erozygous G-CSFR-deficient (ϩ/Ϫ) mice. The reduced impaired, indicating that G:EpoR signals are not comlevel of G-CSF binding to GE/GE neutrophils suggests pletely redundant with those normally generated by the either a decrease in receptor expression or in receptor G-CSFR. Thus, the G-CSFR is generating unique signals affinity for ligand. To resolve these possibilities, we perthat are required for certain specialized hematopoietic formed ligand-binding studies on ϩ/ϩ and GE/GE bone cell functions but are not required for granulocytic differmarrow cells using radiolabeled G-CSF. The calculated entiation. dissociation constants (K d ) for ϩ/ϩ and GE/GE cells were similar (40 and 55 pM, respectively) and are consis-Results tent with previously published data for wild-type murine G-CSFR (Nicola and Metcalf, 1985; Watanabe et al.,
Generation of G:EpoR Mutant Mice 1991). Collectively, these data suggest that the number To examine the role that growth factor signals play in of chimeric receptors is modestly reduced on GE/GE the lineage commitment and terminal differentiation of neutrophils but their binding affinity for G-CSF is normal. hematopoietic progenitor cells, we generated a chimeric
To control for the effect of reduced G:EpoR cell surface receptor comprised of the extracytoplasmic (ligandexpression on G-CSF-dependent responses, heterozybinding) and transmembrane domains of G-CSFR and gous G-CSFR-deficient mice were included in subsethe cytoplasmic (signaling) domain of the EpoR. This quent experiments. chimeric receptor (G:EpoR) is predicted to transduce EpoR-specific signals in a G-CSF-dependent manner.
G:EpoR Mutant Mice Have an Isolated Defect Consistent with this prediction, we previously showed in Granulopoiesis that primary murine hematopoietic progenitors express-Examination of peripheral blood at 5 weeks of age reing the G:EpoR specifically bound G-CSF and exhibited vealed no significant differences in white blood cell, red G-CSF-dependent growth (Jacob et al., 1998). blood cell, or platelet counts between GE/GE, ϩ/ϩ, ϩ/Ϫ, To analyze the affects of G:EpoR expression in a more and homozygous G-CSFR-deficient (Ϫ/Ϫ) mice (data physiological context, we generated mice carrying a not shown). Furthermore, leukocyte differentials retargeted (knockin) mutation of their G-CSFR gene such vealed no significant differences in circulating lymphothat the exons encoding for the cytoplasmic domain of cytes, eosinophils, or monocytes (data not shown). the G-CSFR (exons 16 and 17) were replaced with a However, GE/GE mice are neutropenic with levels of cDNA encoding the cytoplasmic domain of the murine circulating neutrophils approximately 15% that of EpoR ( Figure 1A) . The fidelity of the knockin mutation G-CSFR ϩ/ϩ mice (absolute neutrophil count [ϫ10 Ϫ9 /L Ϯ was verified by sequence analysis of PCR-amplified ge-SD]: GE/GE mice, 0.11 Ϯ 0.07; ϩ/ϩ mice, 0.81 Ϯ .52; nomic DNA isolated from mutant mice (data not shown). 1). GE/GE mice demonstrated a modest but significant To analyze expression of the mutant allele, a competidecrease in mature granulocytes to approximately 70% tive reverse transcriptase-polymerase chain reaction that of G-CSFR ϩ/ϩ mice. Importantly, no accumula-(RT-PCR) assay using a single set of primers that flank tion of granulocytic precursors, indicative of a block in the mutated region was performed on RNA isolated from granulocytic differentiation, was observed. The number bone marrow mononuclear cells ( Figure 1B) . As exand morphology of the erythroid, megakaryocytic, and pected, only mutant G-CSFR mRNA was detected in lymphoid lineages in the bone marrow was within normal mice homozygous for the G:EpoR allele (GE/GE); the ranges. Collectively, these data suggest GE/GE mice reduced signal seen with GE/GE RNA is not a consistent have an isolated defect in granulopoiesis. finding. More importantly, with RNA isolated from heterozygous G:EpoR mutant mice (ϩ/GE), similar amounts G:EpoR Expression Does Not Affect of wild-type and G:EpoR products were observed, sug-Lineage Commitment gesting that the alleles are expressed at similar levels.
Based on the expression patterns of wild-type G-CSFR These data also indicate that the presence of the neomy-(McKinstry et al., 1997), G:EpoR is expected to be excin phosphotransferase gene in the 3Ј-untranslated repressed in primitive multipotent progenitors. To detergion of the mutant G-CSFR gene does not significantly mine whether altered signaling by G:EpoR in these progenitors affected their lineage commitment, the number affect mRNA expression from the mutant allele. CDllb (Mac-1) that are comparable to ϩ/ϩ neutrophils (data not shown). These data suggest that G:EpoR expression does not affect lineage commitment and supports granulocytic differentiation.
G-CSF-Stimulated Neutrophil and Hematopoietic Progenitor Cell Mobilization Is Impaired in GE/GE Mice G-CSF Stimulates Granulopoiesis but Not Erythropoiesis in GE/GE Mice
As noted above, G-CSF treatment of GE/GE mice resulted in a bone marrow neutrophil count similar to that To examine if G-CSF would stimulate erythropoiesis in vivo, as might be predicted by the instructive model, seen in wild-type mice. Surprisingly, despite the increase in bone marrow neutrophils, little increase in cir-GE/GE mice were treated with high-dose G-CSF (250 g/kg/day). After 7 days of treatment, no significant culating neutrophils was seen, suggesting a defect in neutrophil release from the bone marrow ( Figure 3B ). In differences were detected in the number of bone marrow BFU-E or the level of circulating reticulocytes or red addition to neutrophils (Lieschke et al., 1994), G-CSF stimulates the mobilization of hematopoietic progenitor blood cells in GE/GE mice ( Figure 3A) , indicating that G-CSF treatment had no affect on the erythroid com-cells (HPC) from the bone marrow to blood (Molineux et al., 1990a (Molineux et al., , 1990b de Haan et al., 1995) . We therefore partment. The major effect of G-CSF treatment in GE/ GE mice was the stimulation of granulopoiesis. A 3-fold examined HPC mobilization in GE/GE mice following G-CSF treatment. In wild-type mice, G-CSF treatment increase in bone marrow neutrophils was observed in GE/GE mice, resulting in a bone marrow neutrophil count resulted in a 22-and 13-fold increase in blood and spleen HPC, respectively ( Figure 5) . In contrast, no sig-similar to that seen in G-CSF-treated ϩ/ϩ or ϩ/Ϫ mice ( Figure 3B ). Similar results were obtained after treatment nificant increase in blood or spleen HPC was observed in GE/GE mice, despite normal numbers of bone marrow of a separate cohort of mice with 10 g/kg/day of G-CSF for 7 days (data not shown).
HPC. These data indicate that signals generated by G:EpoR are not able to support G-CSF-stimulated neutrophil or HPC mobilization from the bone marrow.
G:EpoR Signals Support Granulocytic Differentiation In Vivo
In order to determine whether G:EpoR is able to support GE/GE Neutrophils Demonstrate Impaired Chemotaxis to Interleukin-8 the development of phenotypically normal neutrophils, several markers associated with neutrophil maturation One possible mechanism for the defect in neutrophil mobilization in GE/GE mice is impaired neutrophil migra-were analyzed. Neutrophils were isolated from GE/GE mice following high-dose G-CSF treatment to minimize tion. In fact, we recently showed that Ϫ/Ϫ neutrophils have impaired chemotaxis and adhesion in response to the effect of other cytokines on granulocytic differentiation. GE/GE neutrophils have normal morphology as as-IL-8, macrophage inhibitory protein-2 (MIP-2), fMLP, or zymosan-activated serum, suggesting that G-CSFR sig-sessed by Wright-Giemsa staining, and they stain positively for chloroacetate esterase, a specific marker of nals are required for normal chemokine-induced neutrophil activation and migration (Betsuyaku et al., 1999) . the granulocyte lineage (Figure 4) (Yam et al., 1971) . the bone marrow are normal. Furthermore, no changes results in a significant stimulation of granulopoiesis. In fact, since the great majority of neutrophils reside within in these parameters were noted after high-dose G-CSF
treatment. G:EpoR expression also had no apparent af-the bone marrow, the total body number of neutrophils in GE/GE mice following G-CSF treatment is similar to fect on commitment to the myeloid lineage since the number of myeloid-committed progenitors (CFU-GM that seen in wild-type mice. The mechanism(s) responsible for the impaired granulopoiesis in GE/GE mice is and CFU-G) in the bone marrow of GE/GE mice was normal. Using a similar approach, Stoffel et al. (1999) currently not known. The normal number of myeloid progenitors (CFU-GM and CFU-G) in the bone marrow recently showed that a chimeric receptor comprised of the extracellular and transmembrane domains of c-mpl of these mice suggests a defect in the expansion and/ or differentiation of these progenitors. In agreement with fused to the cytoplasmic domain of the G-CSFR was able to support near normal megakaryopoiesis and this hypothesis, the size of G-CSF-stimulated colonies in cultures of GE/GE bone marrow cells was significantly platelet production. Collectively, these data provide reduced compared to cultures of ϩ/ϩ or ϩ/Ϫ cells (the strong evidence that signals generated by the cytonear normal neutrophil response to high-dose G-CSF plasmic domain of hematopoietic cytokines do not play in GE/GE mice likely reflects the contribution of other a significant role in directing lineage commitment. It cytokines). The expression of G:EpoR on myeloid proshould be noted that, while the transduction of signals genitors was not directly measured in this study; therehas generally been localized to the cytoplasmic domain, fore, it is possible that the defect in G-CSF-dependent it is formally possible that signals generated by the excolony formation is secondary to decreased receptor tracellular and transmembrane regions of these recepexpression. However, the defect in G-CSF-dependent tors may be directing lineage commitment. colony formation is unlikely to be solely attributed to A major phenotype of GE/GE mice is a defect in grandecreased G:EpoR expression since a similarly reduced ulopoiesis. At baseline, these mice have significant delevel of G-CSFR expression on ϩ/Ϫ hematopoietic cells creases in circulating and bone marrow neutrophils to
supports normal colony formation. These data therefore levels approaching that seen in mice lacking any funcindicate that G:EpoR signals are not able to efficiently tional G-CSFR (Liu et al., 1996) . However, in sharp consupport the proliferation and/or survival of granulocytic trast to G-CSFR-deficient mice, treatment with G-CSF precursors. Dong et al., 1993; Fukunaga et  al., 1993; Ziegler et al., 1993; Yoshikawa et al., 1995;  Shimozaki et al., 1997) Dong et al., 1994, 1995) . However, we re- 
A major area of controversy in hematopoietic growth factor research is the contribution of hematopoietic cytokine receptor signals to the terminal differentiation of hematopoietic cells. With respect to granulocytic differentiation, specific G-CSFR signals have been implicated in the terminal granulocytic differentiation of certain hematopoietic cell lines (

. In particular, signals generated by the carboxy-terminal region of the cytoplasmic domain of the G-CSFR have been implicated, since this region is deleted in a subset of patients with severe congenital neutropenia and since cell lines expressing this truncated G-CSFR have impaired granulocytic differentiation (
lization from the bone marrow. In agreement with this
The cDNA was amplified using a murine G-CSFR exon 15 forward hypothesis, we previously showed that neutrophil and primer (5Ј-GTACTCTTGTCCACTACCTGT-3Ј) and an exon 17 reverse primer (5Ј-CAAGATACAAGGACCCCCAA-3Ј) for 30 cycles at 98ЊC progenitor mobilization after treatment with cyclophosfor 45 sec, 56ЊC for 45 sec, and 72ЊC for 1 min. The PCR products phamide or IL-8 is markedly impaired in G-CSFR-defiwere resolved using a 1.5% agarose gel. cient mice (Liu et al., 1997) . Moreover, we recently showed that a functional G-CSFR on hematopoietic cells 
Experimental Procedures G-CSF Binding Experiments
Binding experiments were performed as previously described with Construction of the Targeting Vector The molecular cloning of the murine G-CSFR gene has been de-minor modifications (Watanabe et al., 1991) . In brief, 5.0 ϫ 10 6 bone marrow cells were incubated in triplicate with eight different concen-scribed previously (Liu et al., 1996) S., Roberts, A.W., Nicola, N.A., Li, R., Hug, B.A., Wesselschmidt, R.L., Fiering, S., Bender, M.A., Epner, E., 
